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Abstract 
ZnO thin films were prepared on c-plane sapphire (Al2O3) substrates using pulsed laser deposition at different substrate 
temperatures (200, 300 and 400°C). The effects of substrate temperature on the structural and stoichiometry properties of ZnO 
films have been investigated by X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS) and Raman spectroscopy. The 
results showed that crystalline and (0 0 2)-oriented ZnO films were obtained at all substrate temperatures. The stress in ZnO film 
changes from compressive to tensile according to the increasing of substrate temperatures. From Raman spectrum, the wutrize 
structure formed in the film when the substrate temperature exceeded 300°C. The Raman spectroscopy, XRD and XPS results 
shows better crystal quality has been obtained under higher substrate temperature. Furthermore, stoichiometry of ZnO films was 
improved under higher substrate temperature. 
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1. Introduction
Zinc oxide (ZnO) is an interesting material with applications in UV optoelectronics, spintronics, gas and surface 
acoustic wave sensors and transparent electronics. As a highly versatile functional material, ZnO is also receiving 
considerable attention in the field of nanostructured materials and nanodevices [1-3]. The ZnO films can be 
deposited via chemical routes like chemical vapor deposition (CVD), MO-CVD, sol–gel synthesis [4,5] or by 
physical methods like magnetron sputtering, molecular beam epitaxy [6,7], and pulsed laser deposition (PLD). PLD 
has superior characteristics such as simplicity of fabrication, possibility of in-situ processing of multi-layered 
hetero-structures by using multiple targets, and stoichiometric deposition, and PLD has been applied successfully in 
the past to deposit ZnO thin films [8-13]. The properties of ZnO films prepared by PLD depend on the process 
parameters, such as oxygen pressure, substrate type and substrate temperature [14-17]. One of the most important 
factors on preparing ZnO film by PLD is substrate temperature. 
In this paper, we investigated the crystal quality of ZnO film prepared by pulsed laser deposition under different 
substrate temperature using XRD and Raman spectroscopy, analyzed the stoichiometric characteristics of ZnO thin 
films by XPS. 
2. Experiment details 
Preparation of the thin films was carried out by a typical PLD high vacuum system. Before each deposition event, 
the vacuum chamber was evacuated to a residual pressure lower than 10-5 Pa. The quality of the vacuum was 
monitored with a quadruple mass spectrometer. Ablation of the target was achieved using a KrF exciter laser (248 
nm, pulse duration of 30 ns, repetition rate of 10 Hz). 4,000 subsequent laser pulses were applied for every sample. 
Before each successive deposition event, the target surface was cleaned by applying 3000 laser pulses. To avoid the 
deposition of the ablated material from the first layers of the target, which can contain contaminants, a shutter was 
interposed between the target and the collector. A target of ZnO (99.99%) has been applied on film deposition. The 
laser beam impinging on the target at an angle of 45° with respect to the surface normal led to the growth of ZnO 
film. Parametric studies were performed to optimize the deposition process. According to these preliminary 
experiments, laser energy of 430mJ was chosen. Ablated material was collected on Al2O3 (0001) substrates 
maintained at 200°C, 300°C and 400°C during the deposition. Substrate was placed parallel to the target at a distance 
of 5.5 cm.  
The crystalline structure of the ZnO films was characterized by X Ray Diffraction (XRD) and Raman 
spectroscopy. Stoichiometric properties of the thin film surface were determined by X-ray photoelectron 
spectroscopy (XPS) analysis. 
3. Result and discussion 
Fig. 1 shows XRD patterns of ZnO films deposited by PLD on Al2O3 substrates with different substrate 
temperature. We found from the X-ray diffraction (XRD) spectrum in Fig. 1, only (0 0 2) peak has been found in all 
samples, the relative intensity of the peaks corresponding to (0 0 2) plane increased with increasing substrate 
temperatures. It indicates that ZnO films grown by PLD are strongly c-axis oriented, and the higher substrate 
temperature, the better crystal quality has been obtained.  
We also analyzed the change of stress in ZnO film under different substrate temperature form XRD data. The (0 
0 2) peak position of film shifts from 33.64° to 34.00° with the increasing substrate temperature from 200 to 400 °C. 
According to the XRD data of the Joint Committee on Powder Diffraction Standards (JCPDS) card, the 2ș angle for 
the bulk ZnO without stress is equal to 33.666°. The 2ș angles of the (0 0 2) peak for the films of 200°C is smaller 
than 33.666°. The 2ș angles of (0 0 2) peak for the films are larger than 34.431° when the Temperatures increase 
higher than 200°C. Thus the stress in ZnO film changes from compressive to tensile due to increase of substrate 
temperatures [18]. We confirmed that the stress changing in the film is due to the crystal lattice mismatch and the 
thermal stress in deposition process. The predominant factor influencing the film stress under low substrate 
temperature is crystal lattice mismatch, while the thermal stress becomes more important as the substrate 
temperature increasing. The coefficient of thermal expansion of ZnO film and Al2O3 substrate is 4.75 and 7.5 (10-
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6/K) respectively. So the stress in the film changed from compressive to tensile when the substrate temperature 
increased from 200° °C to 400 C.  
Fig.1 The XRD patterns of ZnO thin films deposited on Al2O3 (0001) substrates under: (a) 200°C, ( b) 300°Cand (c) 400°C 
ZnO is always deviated from stoichiometry and present intrinsic defects, such as Zn intersitials and oxygen 
vacancies [19]. From the XRD results, it shows that the higher substrate temperature could make the Zn evaporated 
and decrease these intrinsic defects in the films, where the ZnO films with better crystallinity could be obtained. 
This can be confirmed by XPS analysis that collected from the surface of the film. 
Fig. 2 shows the XPS wide survey spectrum collected from the ZnO surface. Prominent peaks belonging to Zn 
and O are clearly seen. The high resolution Zn 2p spectrum shown in Fig. 3 consists of one set of doublets i.e. the 
Zn 2p1/2 as well as the Zn 2p3/2 peaks at binding energies of ~1044 eV and ~1021eV respectively. These are single 
component peaks. The Zn 2p3/2 peak of zinc in the elemental as well as oxide forms usually consists of a single 
component at the binding energy of ѝ 1021.7 eV [20]. 
 
Fig.2 XPS wide survey spectrum of ZnO film under substrate temperature of 200°C 
 
Fig.3 The high resolution Zn 2p spectrum of ZnO film under: (a) 200°C, ( b) 300°Cand (c) 400°C 
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Fig. 4 shows the XPS O 1s peak. The deconvolution of the O 1s peak shows in Fig.5 and related information in 
table1. The component at 530.44~530.38 eV is attributed to the O2í ions in the wurtzite structure of hexagonal Zn2+ 
ion array while the component at 531.96~531.88 eV is attributed to chemisorbed oxygen, possibly from carbonate-
like as well as surface hydroxyl species[21]. For descriptive easily, OZnO and OC designate peaks contributed by the 
components due to the O2í ions in the wurtzite structure of hexagonal Zn2+ ion array and chemisorbed oxygen 
respectively, Otot refers to the total O1s peak of oxygen in the ZnO thin film. The presence as well as the changes in 
the intensity of this component may be related in part to the variations in the concentration of oxygen vacancies. 
Table 1 shows the Zn2p, OZnO, and OC peak values and relative percentage of atomic concentrations of the chemical 
species present in all samples. From the XPS measurements the ratio of zinc to oxygen is found to be 0.878, 0.861 
and 0.782 respectfully, indicating that the sample deviates from its stoichiometry, also the Zn concentration 
decreased with increasing substrate temperatures. We think this is due to the Zn was evaporated along with the 
substrate increasing.  
Table 1 The information of ZnO films from XPS spectra 
 
°C] Zn2p [eV] ONo. T substrate [ ZnO [eV] OC [eV] Ratio (Zn 2p/O ) ZnO
1 200 1021.81 530.44 531.96 0.878 
2 300 1021.81 530.39 531.88 0.861 
3 400 1021.68 530.38 531.94 0.782 
 
 
Fig.4 O 1s spectrum of ZnO film under: (a) 200°C, (b) 300°Cand (c) 400°C 
 
Fig.5 Deconvolution of O1s spectrum of ZnO film under substrate temperature of 200°C 
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Fig. 6 shows the Raman spectrum of the three samples under different substrate temperature (200, 300 and 
400°C). The peak information showed in Table 2.
 
Fig.6 The Raman spectrum of ZnO film under: (a) 200°C, (b) 300°Cand (c) 400°C 
Table 2 the information of ZnO films from Raman spectra 
 
°C] E1(LO) E2(high) multi-phonon mode Al ONo. T substrate [ 2 3
1 200 584.870 / 328.044 / 
2 300 585.978 424.354 326.437 760.886 
3 400 588.192 422.140 325.830 759.779 
ZnO with a wurtzite structure belongs to the C6v symmetry group. At the ī-point of the Brillouin zone, optical 
phonons have īopt = A1 +B1 +E1+E2, where A1 and E1 modes belong to polar symmetries and can have different 
transverse (TO) and longitudinal (LO) optical phonon frequencies, all being Raman active, while the B1 modes are 
silent[22]. 
There are two peaks were observed at 584.87 cmí1 and 328.044 cmí1 in all three samples corresponding to E1 
(LO) and E2 (high) mode. The E2 (high) mode is typically for ZnO wurtzite structure and the E1 (LO) peak was 
attributed to the formation of oxygen deficiency, interstitial Zn, and free carrier [23]. The E1 (low) peak intensity 
deceased with substrate temperature increasing. It means the defect density in ZnO films decreased while the 
substrate temperature increasing. From the curve of sample 1, we can conclude that the film can’t form wurtzite 
structure under low substrate temperature (200°C). The intensity of E2 (high) is increasing with temperature 
increasing shows that the crystallization quality became better. These results are in agreement with the findings from 
the XRD analysis. Additional peak is observed around 328 cmí1 in samples, which was identified as multi-phonon 
mode. The Raman scattering with multi-phonon mode indicates that the displacement of Zn+2 and Oí2 ions is 
parallel to the c-axis, near the center of Brillouin zone (Ƚ point). The peak is observed around 760cm-1, which was 
identified as the longitudinal optical modes of the underlying sapphire substrate [24]. 
4. Conclusion 
Thin films of zinc oxide have been deposited on Al2O3 by PLD from ZnO target. The influence of the substrate 
temperature on the film properties has been studied. XRD results showed that the better crystal quality has been 
obtained under high substrate temperature (400°C) according to the peak position and intensity. The stress in ZnO 
film changes from compressive to tensile cause of crystal lattice mismatch and the difference coefficient of thermal 
expansion between film and substrate under increasing of substrate temperatures. Zinc oxide bond formation has 
been confirmed by XPS, Moreover, the chemical analysis has shown an increased tendency of stoichiometric and 
crystalline ZnO films under the higher substrate temperature conditions. The Raman spectroscopy shows that there 
is wurtzite structure formed when the substrate temperature higher than 300°C, and the defect density in ZnO films 
decreased when substrate temperature increasing.  
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